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1. Introduction {#sec1-molecules-25-03479}
===============

There is a growing interest in the possible negative effects of pesticides exposure on reproduction and fertility \[[@B1-molecules-25-03479]\]. Certain pesticides harm male reproductive capacity by decreasing the sperm count and boosting the incidence of sperm head defects \[[@B2-molecules-25-03479]\]. Fipronil (FIP) is a fairly recent phenylpyrazole insecticide intended for the management of insect resistance problems and global health hazards experienced by older pesticides groups including organophosphate, carbamate, and pyrethroid insecticides \[[@B3-molecules-25-03479],[@B4-molecules-25-03479]\]. It is categorized by world health organization (WHO) as a Class II, relatively toxic, pesticide. It has an acute oral LD~50~ of 97 mg/kg and dermal LD~50~ higher than 2000 mg/kg in rats \[[@B5-molecules-25-03479]\]. It causes extremely harmful effects on aquatic invertebrates, fish, and highland birds, moderate toxicity to mice and rats, while it was not harmful to waterfowl as well as other species of birds \[[@B6-molecules-25-03479]\]. FIP has been categorized as a group C carcinogen depending on increased thyroid follicular cell tumors in both sexes of rat \[[@B5-molecules-25-03479],[@B7-molecules-25-03479]\]. Some pesticides were recorded to have adverse effects on male reproduction \[[@B2-molecules-25-03479]\], including FIP which changes the normal endocrine system function and causes severe reproductive effects \[[@B8-molecules-25-03479]\]. It was postulated that GABA-modulating pesticides, such as FIP, might affect the reproduction of rats at sublethal concentrations \[[@B9-molecules-25-03479]\].

Based on the chemical and physical structure characteristics of nanoparticles, investigations have demonstrated that they can protect cells from damage caused by free radicals \[[@B10-molecules-25-03479]\]. From which, cerium nanoparticle (CeNPs) have attracted much attention in biological applications \[[@B11-molecules-25-03479]\]. CeNPs might protect against cellular damage and radiation caused by toxic substances and under pathological conditions including cardiac or brain ischemia, neurodegeneration of retina, or neurological diseases \[[@B12-molecules-25-03479]\]. Beneficial effects might be efficiently triggered by the regenerative antioxidant properties of CeNPs like scavenging superoxide radicals \[[@B13-molecules-25-03479]\]. CeNPs possess a potent antioxidant activity due to the ratio of Ce^3+^ to Ce^4+^ on their surface and they act by regenerating the endogenous antioxidants \[[@B14-molecules-25-03479]\] i.e., catalase mimetic and superoxide dismutase activity \[[@B10-molecules-25-03479],[@B13-molecules-25-03479]\], nitric oxide and hydroxyl scavenging properties \[[@B15-molecules-25-03479]\]. Unlike dietary antioxidant supplements (e.g., vitamins E and C), CeNPs showed free radical scavenging effect without the need for multiple daily administration \[[@B10-molecules-25-03479]\]. Owing to the ROS scavenging property, CeNPs increased serum testosterone and luteinizing hormone (LH) levels and enhanced sperm quantity and quality \[[@B16-molecules-25-03479]\]. Current research is, therefore, planned to assess the effects of CeNPs as an alternate chemoprotective formula on the quantitative and qualitative levels of sex hormone and tissue apoptosis in male rats.

2. Materials and Methods {#sec2-molecules-25-03479}
========================

2.1. Experimental Animals and Protocol {#sec2dot1-molecules-25-03479}
--------------------------------------

Twenty-eight mature male albino rats with 90 ± 10 g body weight were collected from the Animal Breeding Unit, Faculty of Agriculture, Alexandria University (Alexandria, Egypt). Rats were caged in stainless steel metabolic cages under a pathogen-free environment with controlled humidity, temperature (22 ± 2 °C) and a 14 h light/10 h dark cycle. Two weeks before the experiment was conducted, the animals were acclimatized to the testing facility condition to ensure normal behavior and growth. The balanced diet and water were added to rat ad libitum along the experimental period. The animal experiments were carried out based on guidance from the University of Damanhour and approved protocols from the Animal Ethical Committee.

Afterward, the rats were categorized equally into four experimental groups, each consisting of seven rats. Group 1 served as the control group (saline). Group 2---animals orally-received 1 mL of the prepared FIP solution (1/20 LD~50~ ≈ 5 mg/kg bwt; Fiprogent^®^ (80% WG), AgroInvest, Cairo, Egypt) \[[@B17-molecules-25-03479]\]. Group 3---animals orally-received 1 mL of CeNPs solution (1/10 LD~50~ ≈ 35 mg/kg bwt; CeO~2~-NPs \< 25 nm, CAS\#: 1306-38-3, Sigma-Aldrich Co., St. Louis, MO, USA) \[[@B18-molecules-25-03479]\]. Group 4---animals orally-received FIP+CeNPs at the abovementioned doses. Treatments were done using a gastric tube for 28 consecutive days and the animals observed daily for any clinical signs. On the 29th day, all rats were anesthetized using an anesthesia system containing xylazine: ketamine (1.0:7.5 mg/kg). Immediately, blood samples were collected from the caudal vena cava, then left to coagulate and centrifuged for 15 min at 1390× *g* and the serum was harvested for further biochemical examinations. Immediately after that, the rats were euthanized and dissected, and each rat's testicles were quickly removed and washed thoroughly with chilled physiological saline. One testicle was collected in liquid nitrogen tank and then frozen at −80 °C for further biochemical and molecular analysis. The other testicle was collected in 4% paraformaldehyde dissolved in phosphate-buffered saline (PBS) for 48 h for further histopathological and immunohistochemical examinations.

2.2. Oxidative Stress/Antioxidants Test {#sec2dot2-molecules-25-03479}
---------------------------------------

A part of the frozen testicle was homogenized in Tris-HCl buffer (50 mM; pH 7.4) (1:9 *w*/*v*) and centrifuged for 30 min at 12,000× *g* and 4 °C. Subsequently, supernatant was used for the colorimetric estimation of tissue malondialdehyde (MDA, lipid peroxide marker) \[[@B19-molecules-25-03479]\], nitric oxide (NO) concentrations \[[@B20-molecules-25-03479]\], superoxide dismutase (SOD) \[[@B21-molecules-25-03479]\], and glutathione peroxidase (GPx) \[[@B22-molecules-25-03479]\] enzymes activity following the manufacturers' guidelines (Biodiagnostic Co., Cairo, Egypt) using a pgT80 UV-Vis spectrophotometer (PG Instruments Limited, Leicestershire, UK).

2.3. Quantitative Reverse Transcription-PCR Test (RT-qPCR) {#sec2dot3-molecules-25-03479}
----------------------------------------------------------

TOPreal™ RNA Purification Kits (iNtRON Biotechnology, Inc., Seongnam-Si, Korea, Cat. \#17211) was used for extracting the total RNA from the frozen testicles section. A 2% agarose gel electrophoresis was used to evaluate the consistency of the extracted RNA. TOPreal™ First Strand cDNA Synthesis Kits (iNtRON Biotechnology, Inc., Seongnam, Gyeonggi, South Korea Cat. \#EZ005M) were used to reverse transcribe total RNA to first-strand cDNA.

The TOPreal™ qPCR 2X PreMIX (SYBR Green with low ROX) (iNtRON Biotechnology, Inc., Cat. \#RT500s) and specific primers were used for the detected genes: caspase-3 (Casp3), androgen receptor (Ar), inhibin B protein (IBP), nitric oxide synthase 2 (NOS), B-cell lymphoma 2 (BCL-2), and interleukin-1β (IL-1β). For real-time PCR examination, Mx3005P real-time PCR system was used (Agilent Technologies, Santa Clara, CA, USA). Gene primer sequences were designed using Primer3 and BLAST programs (National Center for Biotechnology Information, Bethesda MD, 20894 USA) ([Table 1](#molecules-25-03479-t001){ref-type="table"}). The target gene's Ct values were normalized with Gapdh's Ct value of the same sample. All samples were analyzed and conducted in duplicate.

2.4. Histopathological Assessment {#sec2dot4-molecules-25-03479}
---------------------------------

Fixed testicular samples were fixed according to the routine paraffin embedding method that include drying in ascending degrees of ethanol, disinfected in three xylene, and inserting in melted paraffin wax at 65 °C. Then, paraffin blocking of a sagital section of the testes including the head of the epididymis was prepared. Hematoxylin and eosin (H&E) \[[@B23-molecules-25-03479]\] and Periodic acid Schiff (PAS) \[[@B24-molecules-25-03479]\] were used to stain four µm thick sections. Semiquantitative scoring of testicular and epididymal lesions was calculated according to Gibson-Corley et al. \[[@B25-molecules-25-03479]\]. Briefly, lesions in 10 fields were chosen randomly from each slide for each rat and the obtained results were averaged. The lesions were scored in a blinded way (Score scale: 0 = normal, 1 ≤ 25%, 2 = 26--50%, 3 = 51--75%, and 4 = 76--100%). Furthermore, we used Johnsen scoring method of Johnsen for analysis of the changes in the spermatogenesis among the studied groups \[[@B26-molecules-25-03479]\]. Briefly, the H&E stained testicular tissue sections were examined under 20 high power fields and 50 tubular sections/each testis were evaluated and scores were reported according to the Johnsen's scores criteria shown in [Table 2](#molecules-25-03479-t002){ref-type="table"}, and the average Johnsen score/group was calculated.

2.5. Immunohistochemistry (IHC) {#sec2dot5-molecules-25-03479}
-------------------------------

Working dilutions, sources, methods, and antibodies for antigen recovery were listed in [Table 3](#molecules-25-03479-t003){ref-type="table"}. The immunohistochemical technique described by Noreldin, Elewa, Kon, Warita and Hosaka \[[@B27-molecules-25-03479]\] was used in 4 µm tissue sections. Briefly, endogenous peroxidase enzyme was deactivated by incubation with H~2~O~2~ (3% in absolute methanol) at 4 °C for 30 min and washed again using PBS. Nonspecific reaction at was blocked with 10% normal blocking serum (Sigma-Aldrich, Cat: A9647) for 60 min at room temperature. The primary antibodies were then incubated overnight at 4 °C, washed with PBS, incubated for 60 min with biotin-conjugated goat anti-rabbit IgG antiserum or rabbit anti-goat IgG antiserum (Histofine kit, Nichirei Corporation, Tsukiji, Tokyo, Japan) according to the species' primary antibody hosted. Then the sections were incubated for 30 min with streptavidin-peroxidase conjugate (Histofine kit) after washing with PBS. The streptavidin-biotin complex was further incubated for 3 min with a solution of 3,3′-diaminobenzidine tetrahydrochloride (DAB)-H~2~O~2~, pH 7.0. Finally, the sections were rinsed with distilled water and stained with Mayer's hematoxylin counterstain. A digital camera (EC3, Leica, city, Germany) connected to a microscope (Leica DM500, Leica, Germany) was used to capture micrographs of the prepared sections. For the quantification of immunostaining intensities, the Image J software (National Institutes of Health, Bethesda, MD, USA) was used \[[@B28-molecules-25-03479]\]. The inverse mean density of immunopositive area was determined as positive expression as previously reported by Vis, Kranse, Nigg and van der Kwast \[[@B29-molecules-25-03479]\] in 10 randomly chosen fields from various sections of eight rats in each group.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA) {#sec2dot6-molecules-25-03479}
----------------------------------------------

Twenty µL serum was firstly incubated with biotinylated monoclonal testosterone specific antibody (Elescys Testosterone, Cobas^®^ Co., Mannheim, Germany). The second incubation was performed after adding microparticles coated with streptavidin and ruthenium complex-labeled testosterone derivatives. The complex was bounded to the solid phase through the reaction between streptavidin and biotin. Afterwards, the reaction mixture was aspired into the measuring cell as the fine particles, which were picked up magnetically on the electrode surface. While ProCell/ProCell M was used to remove the unbound substances. The voltage application to the electrode stimulates the emission of chemiluminescent that was measured by photomultiplier. ELISA assay was done using the 96-well VICAM microplate reader (VICAM, Watertown, MA, USA) with DigiRead Software.

2.7. Method and Machine Precision {#sec2dot7-molecules-25-03479}
---------------------------------

Precision of the analytical method was confirmed through the repeatability (intra-day assay) and intermediate precision (inter-day assay) \[[@B30-molecules-25-03479]\].The intra-day and inter-day precision of the method were determined by repeating the analysis of a random sample of each assay on same day and over five consecutive days, respectively and results were presented in [Table 4](#molecules-25-03479-t004){ref-type="table"} as percentages of coefficient of variation ((mean/standard deviation) × 100).

2.8. Statistical Analysis {#sec2dot8-molecules-25-03479}
-------------------------

Data were described as means ± standard errors of means (SEM) and analyzed using Statistical Package for Social Sciences (SPSS), version 20 (SPSS Inc., Chicago, IL, USA) for windows. Results were analyzed statistically by one-way (ANOVA) test. Considerable means have been compared using Tukey's HSD post hoc test at *p* \< 0.05 level.

3. Results Sections in Wrong Order--Experimental Is Last--Renumber Everything Affected {#sec3-molecules-25-03479}
======================================================================================

3.1. Quality Control {#sec3dot1-molecules-25-03479}
--------------------

The data in [Table 4](#molecules-25-03479-t004){ref-type="table"} indicate that the intra- and inter-assay values ranged from 2.50 to 6.53 and 7.91 to 10.12%, respectively. The results of accuracy met acceptable criteria, according to World Health Organization \[[@B31-molecules-25-03479]\].

3.2. Antioxidant Status and Lipid Peroxidation in Testicular Tissue and Serum Testosterone Levels {#sec3dot2-molecules-25-03479}
-------------------------------------------------------------------------------------------------

The impacts of FIP intoxication and the CeNPs treatment on testicular oxidative parameters and lipid peroxidation are summarized in [Table 4](#molecules-25-03479-t004){ref-type="table"}. Compared to control values, rats treated with FIP exhibited significant elevation (*p* ≤ 0.05) in testicular NO and MDA levels by approximately 87.50% and 116.67%, respectively, of control associated with decrease in GPx (50.00% of control) and SOD (46.67%) enzyme activities. Conversely, the FIP+CeNPs group demonstrated reduction in testicular NO and MDA levels accompanied with increased SOD and GPx activities in relation to rats treated with FIP. In addition, the antioxidant biomarkers have been restored in the FIP+CeNPs-treated rats in comparison with the control values. Additionally, as shown in [Table 4](#molecules-25-03479-t004){ref-type="table"}, in the FIP-treated group, the hormonal analysis showed a decline of 60% of the controls' value in the testosterone. Furthermore, in the FIP+CeNPs and CeNPs groups, blood testosterone has approximately returned to normal compared to control values.

3.3. Gene Expressions in Testicular Tissue {#sec3dot3-molecules-25-03479}
------------------------------------------

The levels of mRNA expression of Casp3, BCL-2, Ar, IBP, IL-1β, and NOS, were detected using RT-qPCR to assess the activity of CeNPs against reproductive toxicity caused by FIP in mature male rats. FIP caused significant downregulation in the levels of relative mRNA expression of BCL-2, IBP, and Ar and upregulation of Casp3, IL-1β, and NOS genes ([Table 5](#molecules-25-03479-t005){ref-type="table"}).

The CeNPs treatment caused downregulation of Casp3 and IL-1β but it caused nothing in the expression of the other tested genes compared to the control. The CeNPs co-therapy affected the expressions of all studied genes; Casp3, IL-1β, and NOS were significantly lower than control. On the other hand, BCL-2 and IBP were greatly upregulated compared to the control while the Ar gene expression was similar to the control.

3.4. Histopathological Assessment of Testicular Tissue {#sec3dot4-molecules-25-03479}
------------------------------------------------------

Control and CeNPs groups showed normal testicular architecture consisting of regular, highly organized seminiferous tubules with full spermatogenesis and typical interstitial connective tissue ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}A,B). On the other hand, FIP group revealed edema around the seminiferous tubules, degeneration in the different stages of the spermatogenesis and low number of sperms inside the seminiferous tubules' lumen compared to the control ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}C). The FIP+CeNPs group showed restoration of the normal architecture of the seminiferous tubules ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}D). In rat epididymis, control and CeNPs groups showed the normal epididymal architecture with normal spermatocytes in the epididymal lumen and normal epithelium ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}E,F). However, FIP group revealed the phospholipidosis mediated vacuolations, hyperplasia, and apoptosis of clear cells in the epididymis ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}G). The FIP+CeNPs group showed amelioration in the epididymal epithelial lesion with more spermatozoa accumulation in the lumen than that of the FIP group ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}H). Semi-quantitative statistical analysis of testicular and epididymal lesions scores declared that the animals treated with FIP had a significantly higher testicular degeneration, edema, epididymal hyperplasia, and vacuolation scores than that of rats in the control and CeNPs groups. However, compared with rats in the FIP group, FIP+CeNPs group showed a significant reduction in the testicular and epididymal lesions score ([Figure 1](#molecules-25-03479-f001){ref-type="fig"}I,J). We analyzed the changes in the spermatogenesis in the testicular tissue among different groups using Johnsen's score methods as shown in [Table 6](#molecules-25-03479-t006){ref-type="table"}. Interestingly, the testes of the FIP group showed significant decrease in Johnsen's score than that of both the Control and CeNPs groups. Furthermore, a significant increase in such score was observed in the testes of FIP+CeNPs group than that of the FIP group. Additionally, the testes of FIP+CeNPs group showed some degree of amelioration where it showed significant increase in the Johnsen's score than that of the FIP group and a non-significant decrease in the score than the control and CeNPs group.

The PAS-stained epididymis in both control and CeNPs groups showed a normal distribution of PAS positive reaction of the stereocilia that project into the lumen with normal dense and short appearance ([Figure 2](#molecules-25-03479-f002){ref-type="fig"}A,B). However, FIP group revealed a weak PAS reaction of the stereocilia that showed elongated and dispersed appearance and vacuolated epididymal epithelium ([Figure 2](#molecules-25-03479-f002){ref-type="fig"}C). FIP+CeNPs group showed a good protection of epididymal tubules with normal dense short stereo cilia ([Figure 2](#molecules-25-03479-f002){ref-type="fig"}D). Semi-quantitative of PAS distribution of the epididymis revealed normal quantity of PAS reaction in the control and CeNPs groups, but it was reduced significantly in the FIP group. The epidydimal tubules in the FIP+CeNPs treated rats showed significant preservation of the PAS positive reaction for the stereocilia ([Figure 2](#molecules-25-03479-f002){ref-type="fig"}E).

3.5. Immunohistochemistry Assessment of Testicular Tissue {#sec3dot5-molecules-25-03479}
---------------------------------------------------------

Control and CeNPs groups showed a negative Casp3 reaction in seminiferous tubules and interstitial cells ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}A,B). Meanwhile, the FIP group revealed a strong Casp3 reaction in the nuclei of all stages of spermatogenic cells but not for spermatogonia and sperms at the seminiferous tubule's lumen ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}C). FIP+CeNPs group showed very weak Casp3 reaction in seminiferous tubules epithelium ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}D). In the epididymis, control and CeNPs groups showed a negative Casp3 reaction ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}E,F). However, FIP group showed strong positive Casp3 reaction in the nuclei of principal epididymal cells and nearly negative reaction in the elongated spermatids ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}G).

FIP+CeNPs group revealed nearly negative Casp3 reaction in the epididymal tubules ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}H). Semi-quantitative data of Casp3 distribution in the testis and epididymis revealed a significant higher immunolabeling of activated Casp3 protein in the FIP group compared to control and CeNPs-treated rats. This high immune reaction was significantly lowered in the FIP+CeNPs-treated rats ([Figure 3](#molecules-25-03479-f003){ref-type="fig"}I). Immunohistochemical staining of the testicular tissue against the proliferating cell nuclear antigen (PCNA) revealed high reaction in the nuclei of the different stages of spermatogenic cells of control and CeNPs groups with intense reaction in spermatogonia and no reaction in spermatids ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}A,B). On the other hand, FIP group showed weak PCNA reaction restricted in the spermatogonia at the base of seminiferous tubules, while all sperms at the seminiferous tubule's lumen showed negative reactions ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}C). FIP group treated with CeNPs revealed normal PCNA reaction in all stages of seminiferous tubules epithelium ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}D). Negative control and CeNPs groups showed massive PCNA reaction in all epididymal epithelium ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}E,F). While FIP group showed weak positive PCNA reaction in the epididymal epithelium nuclei ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}G). FIP+CeNPs group revealed nearly strong PCNA reaction in the epididymal tubules ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}H). Semi-quantitative statistical analysis of PCNA distribution in the testis and epididymis revealed a significant lower expression of PCNA in the FIP compared to control and CeNPs-treated rats. This low expression significantly elevated in the FIP+CeNPs treated rats. Furthermore, the the FIP+CeNPs treated rats showed significantly elevated in the PCNA expression than that in the FIP group ([Figure 4](#molecules-25-03479-f004){ref-type="fig"}I).

Immunohistochemical staining of rat testes by IL-1β showed negative reaction in seminiferous tubules and Leydig cells in control and CeNPs groups ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}A,B). On the other hand, FIP revealed a strong IL-1β reaction in the elongated spermatids, while the remaining spermatogenic cells had negative reactions ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}C). FIP+CeNPs group showed very weak IL-1β reaction in the epithelium of seminiferous tubules ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}D). In epididymis, control and CeNPs groups showed negative IL-1β reaction ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}E,F). Meanwhile, FIP group revealed a strong positive IL-1β reaction in the epididymal epithelial cytoplasm and weak positive to negative reaction in the spermatozoa and interstitial connective tissue ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}G). FIP+CeNPs group showed negative IL-1β reaction in the epididymal tubules ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}H). Semi-quantitative statistical analysis of IL-1β distribution in the testes and epididymis revealed a significant higher expression of IL-1β in the FIP compared to control and CeNPs rats. This high expression was significantly decreased in the FIP+CeNPs treated rats ([Figure 5](#molecules-25-03479-f005){ref-type="fig"}I).

Additionally, both the control and CeNPs groups showed a negative against iNOS reaction in seminiferous tubules cells ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}A,B). However, FIP group revealed a strong iNOS in seminiferous tubules, while Leydig's cells had negative reactions ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}C). FIP+CeNPs showed a negative iNOS reaction in seminiferous tubules epithelium ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}D). In the epididymis, control and CeNPs groups showed negative iNOS reactions ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}E,F). On the other hand, FIP revealed a strong positive iNOS reaction in the epididymal epithelial cytoplasm and nearly negative reaction in the interstitial connective tissue ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}G). FIP+CeNPs group showed a negative iNOS reaction in the epididymal tubules ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}H). Semi-quantitative statistical analysis of iNOS distribution in the testes and epididymis revealed a significant higher expression of iNOS in the FIP compared to control and CeNPs rats. This high expression significantly decreased in the FIP+CeNPs-treated rats ([Figure 6](#molecules-25-03479-f006){ref-type="fig"}I).

Immunohistochemical staining of rat testis by ionized calcium-binding adapter molecule 1(IBA1) revealed negative reaction in seminiferous tubules in the control and CeNPs groups with few positive cells in the interstitial tissue ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}A,B). Meanwhile, the FIP group showed strong IBA1 reaction in most sperms and interstitial tissue, with negative reactions in spermatogenic cells ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}C).

The FIP+CeNPs group revealed negative IBA1 reaction in seminiferous tubules epithelium and some positive cells in the interstitial tissue ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}D). Control and CeNPs groups showed negative IBA1 reaction in epididymal tubules but localized moderately in the macrophages present in the interstitial connective tissue ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}E,F). However, FIP group showed dense strong positive IBA1 reaction in many macrophages present in the interstitial tissue ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}G). FIP+CeNPs group showed low IBA1 macrophages present in the interstitial tissue ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}H). Semi-quantitative statistical analysis of IBA1 distribution in the testes and epididymis revealed a significant higher expression of IBA1 in the FIP compared to control and CeNPs-treated rats. This high expression significantly decreased in the FIP+CeNPs treated rats ([Figure 7](#molecules-25-03479-f007){ref-type="fig"}I).

Immunohistochemical staining of control and CeNPs groups by mouse vasa homologue (MVH) revealed a strong positive reaction in spermatogenic cells with negative reaction in the interstitial tissue of rat testis ([Figure 8](#molecules-25-03479-f008){ref-type="fig"}A,B). On the other hand, FIP showed nearly negative MVH in spermatogenic cells ([Figure 8](#molecules-25-03479-f008){ref-type="fig"}C). FIP+CeNPs group revealed strong positive MVH reaction in spermatogenic cells ([Figure 8](#molecules-25-03479-f008){ref-type="fig"}D). Semi-quantitative statistical analysis of MVH distribution in the testis revealed a significant lower expression of MVH in the FIP compared to control and CeNPs rats. This low expression significantly increased in the FIP+CeNPs treated rats ([Figure 8](#molecules-25-03479-f008){ref-type="fig"}E).

Control and CeNPs groups showed a strong positive Sox9 reaction in Sertoli cells ([Figure 9](#molecules-25-03479-f009){ref-type="fig"}A,B). However, FIP group revealed negative Sox9 in Sertoli cells ([Figure 9](#molecules-25-03479-f009){ref-type="fig"}C). FIP+CeNPs group showed strong positive Sox9 reaction in Sertoli cells ([Figure 9](#molecules-25-03479-f009){ref-type="fig"}D). Semi-quantitative statistical analysis of Sox9 distribution in the testis revealed a significant lower expression of Sox9 in the FIP compared to control and CeNPs rats. This low expression significantly increased in the FIP+CeNPs treated rats ([Figure 9](#molecules-25-03479-f009){ref-type="fig"}E).

4. Discussion {#sec4-molecules-25-03479}
=============

In this study, the male reproductive toxicity of FIP and the protective role of CeNPs administration against FIP tissue damage were assessed. Administration of 5 mg/kg/day of FIP for 28 successive days to male albino rats resulted in subacute testicular toxicity. FIP administration caused oxidative damages in the testicular tissues, as demonstrated by increased levels of MDA and NO tissue with reduced activity of antioxidant enzymes such as GPx and SOD \[[@B32-molecules-25-03479]\]. Exposure to xenobiotics including pesticides results in increased production of ROS with a recurrent cellular damage of proteins, DNA, and lipids \[[@B33-molecules-25-03479],[@B34-molecules-25-03479]\]. Furthermore, ROS could influence the NO's bioavailability from its biosynthesis to complete removal \[[@B35-molecules-25-03479]\]. Nitric oxide is a highly-reactive free radical, which persuades nitrosative stress by targeting DNA, lipids, and proteins, besides it remarkably affect the antioxidant defense mechanisms \[[@B36-molecules-25-03479]\].

On the contrary, the endogenous antioxidants i.e., GPx, and SOD effectively eliminate free radicals and protect cells from the oxidative damage \[[@B37-molecules-25-03479]\]. It was possible to reduce the antioxidant effects of FIP, which were revealed herein due to their excessive consumption in suppressing free radicals generated throughout the metabolism of FIP. The FIP impacts might be because of its capacity to increase the production of NOS and ROS, and LPO, which might harm the biological membranes in the testicular tissues. This might lead to Leydig and spermatogenic cells degeneration that interferes with spermatogenesis. Moreover, the decrease in testosterone levels in the serum clearly illustrated the inhibitory effect of FIP on the pituitary gonadotropins (FSH and LH) secretion and thus on the biosynthesis of testosterone, which arrests spermatogenesis \[[@B38-molecules-25-03479]\]. Moreover, the subacute exposure of FIP stimulated histopathological alterations in the seminiferous tubules like edema around the seminiferous tubules, degeneration in the different stages of the seminiferous tubules, and low number of sperms inside the seminiferous tubule's lumen.

Additionally, FIP has been found to increase the expression level of IL-1β genes, which are considered as a central mediator of the inflammation process and stimulator of the differentiation and proliferation of many cell types. It has been demonstrated that the Sertoli cells constitutively synthesize IL-1β, where this cytokine seems to be included in regulating spermatogenesis \[[@B39-molecules-25-03479]\]. Confirming this, there was a strong reaction of IL-1β in most sperms in FIP-treated group of rats. In addition, the overproduction of ROS due to FIP administration, might led to apoptosis in the testicular tissues mainly in spermatogenic cells, which was evidenced by down regulation in the level of relative BCL-2 mRNA expression and up regulation of Casp3 genes. Apoptosis is either a programmed cell death of self-destruction directed by genes where cells die randomly in a controlled way or it might be triggered by different environmental chemicals or catalysts. ROS and oxidative stress have been associated with apoptosis in different kinds of cell such as spermatogenic cells \[[@B40-molecules-25-03479]\]. Mitochondria is an oxidative stress sensor and its membrane potential loss (mV) or its damage might result in death of the cell by cytochrome *C* and other pro-apoptotic factors release into the cytosol that eventually lead to apoptosomes formation and caspase cascade activation \[[@B41-molecules-25-03479]\].

After rats were exposed to FIP, the percentage of apoptotic sperm has increased markedly, suggesting that FIP might induce programmed cell death in vivo that could be mediated by an oxidative stress mechanism \[[@B42-molecules-25-03479]\]. The BCL-2 proteins are a family of proteins that work in the mitochondrial membrane. They work either for stability like anti-apoptotic (e.g., BCL-2, BCL-XL), which can delay the release of cytochrome *C* or destabilization of the mitochondrial membrane through facilitating the release of cytochrome *C* like pro-apoptotic (e.g., Bax, Bak) by preventing the cytoprotective effects of BCL-2 and BCL-XL \[[@B43-molecules-25-03479]\]. In turn the increased release of cytochrome *C* in the cytosol triggers the activation of caspases 9 and 3 \[[@B44-molecules-25-03479]\]. Caspase3 activation breaks down the DNA, reduces the proliferation of cytoplasmic chromatin, expands the endoplasmic reticulum \[[@B45-molecules-25-03479]\], and finally leads to cell apoptosis \[[@B46-molecules-25-03479]\]. This was confirmed through the effects of FIP, which revealed a strong Casp3 reaction in all stages of spermatogenic cells in testicles and the strong positive Casp3 reaction in the epididymal epithelial nuclei in epididymis by immune histochemical staining.

Moreover, there was downregulation of inhibin B protein gene, which is secreted and synthesized from Sertoli cells. It's a hormonal protein, inhibin B that specifically regulates follicle-stimulating hormone (FSH) secretion through the anterior pituitary gland \[[@B47-molecules-25-03479]\]. Previous in vitro and in vivo studies failed to detect the relationship among the inhibin levels, Sertoli cell function, and spermatogenesis process \[[@B48-molecules-25-03479]\]. Now the reason for this has become clear with the discovery of two major types of inhibin, namely inhibin A and inhibin B \[[@B47-molecules-25-03479]\]. Inhibin B is the main type developed in males of rats and humans \[[@B47-molecules-25-03479],[@B49-molecules-25-03479]\]; the Sertoli cell thought to be the primary source of circulating inhibin B. Moreover, FIP acts as an Ar antagonists, directly competing for Ar with testosterone and dihydrotestosterone \[[@B50-molecules-25-03479]\] resulting in a decrease in testosterone production. Epididymis relies on androgens to retain the normal epithelial function and architecture, which is essential for normal sperm maturation and transport. Therefore, if androgen stimulation is reduced, the epididymis will atrophy \[[@B51-molecules-25-03479]\]. Continued exposure to the toxic chemicals which reduces testosterone may lead to some level of histologic changes in the androgen-dependent epididymis and this was noticed in rats intoxicated with FIP. Phospholipidosis-mediated vacuolations, hyperplasia and apoptosis of clear cells in the epididymis by H&E stain were noticed. Furthermore, the staining of the rat epididymides by Periodic acid Schiff (PAS) showed that a weak PAS reaction in degenerated stereocilia and vacuolated epididymal epithelium.

On the other hand, a weak PCNA reaction occurred in FIP group was observed in all spermatogonia, with negative reactions to the nuclei of the elongated spermatids. PCNA is effective for germinal arrest diagnosis as reduced levels of PCNA in germinal arrest indicate a decline in DNA synthesis \[[@B52-molecules-25-03479]\]. As well, IBA-1 is a calcium-binding protein composed of 147 amino acids, which resembles in its structure three other calcium-binding proteins: S-100 protein, calmodulin, and troponin C \[[@B53-molecules-25-03479]\]. The IBA-1 protein is considered to be similar to proteins defined by other researchers, such as MRF-1 (microglia response factor-1 \[[@B54-molecules-25-03479]\]), AIF-1 (allograft inflammatory factor-1 \[[@B55-molecules-25-03479]\]), and daintain \[[@B56-molecules-25-03479]\]. Owing to IBA1 protein up-regulation in activated microglia in response to nerve damage, it has been hypothesized that IBA1 might have a role in recovering from brain damages \[[@B57-molecules-25-03479]\]. By using the IBA1 protein-specific antibody we found that IBA1 protein was primarily presented in elongate spermatids cytoplasm \[[@B58-molecules-25-03479]\], neither spermatozoa, spermatogonia, mature epididymal spermatozoa, nor protein-expressed round spermatids \[[@B58-molecules-25-03479]\]. During the mammalian spermatogenesis course, differentiated spermatids still in direct contact with Sertoli somatic cells till spermiation, where fully differentiated spermatids are isolated from their excess cytoplasm and released into the seminiferous tubule's lumen. IBA1 protein is specifically presented in the elongate spermatid's cytoplasm, and it is hypothesized that IBA1 may be included in the signal for excess spermatid cytoplasm elimination. We assume that the mRNA of IBA1 might be subjected to regulate posttranscriptional in spermatids and that the protein is exclusively presented and works in spermatids elongation. This protein is located in the cell nucleus and cytoplasm. IBA1 found in the cytoplasm possesses actin-crosslinking effect \[[@B59-molecules-25-03479]\] and is crucially included in some forms of actin cytoskeleton rearrangement related to motility e.g., in the building of phagocytic cups (initial stage of phagocytosis) and in membrane ruffling \[[@B60-molecules-25-03479]\]. Since IBA1 studies concentrated on its function in microglia, little has been reported concerning cell expressing IBA1 types outside the central nervous system (CNS). Macrophages (MΦs) in rat liver and spleen exhibit immunoreactivity in IBA1 \[[@B57-molecules-25-03479]\].

Moreover, there was reaction in most spermatids and interstitial tissue, while all spermatogenic cells in FIP group showed dense strong positive IBA1 reaction in the many macrophages in the interstitial tissue in epididymis. Sox9 is the encoding gene of the steroidogenic factor 1 \[[@B61-molecules-25-03479]\], however it appears to be crucial for Sertoli cell as well as male differentiation. This means that the synthesis of individual factors in Sertoli cell development in different species can be achieved through alternative regulatory mechanisms. As a result, FIP exhibited negative Sox9 in Sertoli cells. MVH protein has been shown to be expressed exclusively in germ cells from E11.5 to the post-meiotic phase in males as well as females \[[@B62-molecules-25-03479],[@B63-molecules-25-03479]\]. Therefore, in the current research, MVH immunohistochemistry was used to assess the effect of FIP on testicular and we found that it showed negative MVH in spermatogenic cells so that the spermatogenesis process could be stopped.

5. Conclusions {#sec5-molecules-25-03479}
==============

Current results stated that FIP caused negative impacts on male reproductive functions in rat testis (oxidative stress, inflammation, and apoptosis). Therefore, it might be concluded that this insecticide (FIP) is highly toxic to reproductive function and might alter the fertility of animals. Also, after rats were exposed to FIP, the apoptotic sperm percentage has increased markedly, suggesting that FIP causes programmed cell death in vivo that could be mediated by mechanism associated with oxidative stress. In addition, CeNPs are known to be a recent and effective preventive agent for reproductive toxicity caused by FIP in rat males.
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![Histopathological examination of rat testis. (**A**) Testicular control, and (**B**) CeNPs groups. (**C**) FIP group revealed edema (arrowhead), degeneration in the different stages of the seminiferous tubules (thin arrow), and fewer spermatozoa in the lumen (asterisk). (**D**) FIP treated with CeNPs. (**E**) Negative epididymal control group. (**F**) CNPs group. (**G**) FIP group showed the phospholipidosis-mediated vacuolations (arrow), hyperplasia and apoptosis of halo cells in the epididymis (arrowhead). (**H**) FIP treated with CeNPs. Scale bar = 50 µm. (**I**) H&E semi-quantitative scores of testicular degeneration and edema. (**J**) H&E semi-quantitative scores of epididymal hyperplasia and vacuolations. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g001){#molecules-25-03479-f001}

![Histochemical staining of rats' epididymis by Periodic Acid Schiff (PAS). (**A**) Control group showed normal dense short stereocilia (arrow), principal cell (red arrow), basal cell (red arrow). (**B**) CeNPs group. (**C**) FIP group revealed weak PAS reaction in elongated and dispersed stereocilia (arrowhead) with vacuolated epididymal epithelium (arrow). (**D**) FIP treated with CeNPs showed normal dense short stereocilia (arrow). (**E**) Semi-quantification of PAS in the epididymis in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g002){#molecules-25-03479-f002}

###### 

Immunohistochemical staining of rat testis Casp3. (**A**) Control group. (**B**) CeNPs group. (**C**) FIP group revealed strong Casp3 reaction in the nuclei of primary and seconadry spermatocytes (arrows), while all sperms have negative reaction (arrowhead). (**D**) FIP supplemented with CeNPs revealed very weak Casp3 reaction (arrow). (**E**) Epididymal of control group. (**F**) CeNPs group. (**G**) FIP group showed strong positive Casp3 reaction in the nuclei of principal epididymal cells (arrow) and nearly negative reaction in the sperms (arrowhead). (**H**) FIP treated with CeNPs. (**I**) Semi-quantification of Casp3 in the testicular and epididymal tissues in different groups of rats. Scale bar = 50 µm. Data expressed as mean ± SE and analyzed using one-way ANOVA at *p* ≤ 0.05.

![](molecules-25-03479-g003a)

![](molecules-25-03479-g003b)

![Immunohistochemical staining of rat testis by proliferating cell nuclear antigen (PCNA). (**A**) the control group showed the high PCNA reaction concentrated in the nuclei of all spermatogenic cells (arrows). (**B**) CeNPs group. (**C**) FIP group showed low PCNA reaction (arrows). (**D**) FIP treated with CeNPs. (**E**) Epididymal negative control group showed high PCNA reaction (arrows). (**F**) CeNPs group. (**G**) FIP group with weak PCNA reaction in the epididymal epithelium nuclei (arrow). (**H**) FIP treated with CeNPs. (**I**) Semi-quantification of PCNA in the testicular and epididymal tissues in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g004){#molecules-25-03479-f004}

###### 

Immunohistochemical staining of rat testes by Interleukin-1β (IL-1β). (**A**) control group. (**B**) CeNPs group. (**C**) FIP group showed strong IL-1β reaction in sperms (arrows), while the remaining spermatogenic cells revealed negative reactions (arrowhead). (**D**) FIP-treated with CeNPs showed very weak IL-1β reaction (arrow). (**E**) Epididymal of control group. (**F**) CeNPs group. (**G**) FIP group showed strong positive IL-1β reaction (arrow) and faint to negative reaction in the spermatozoa (arrowhead) and interstitial connective tissue (asterisk). (**H**) FIP-treated with CeNPs. (**I**) Semi-quantification of IL-1β in the testicular and epididymal tissues in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.

![](molecules-25-03479-g005a)

![](molecules-25-03479-g005b)

![Immunohistochemical staining of rat testis by inducible nitric oxide synthase (iNOS). (**A**) control. (**B**) CeNPs group. (**C**) FIP group showed strong iNOS in the cytoplasm of spermatogenic lineage of the seminiferous tubules (arrow), while the cytoplasm of Leydig's cells were negatively reacted (arrowhead). (**D**) FIP-supplemented with CeNPs. (**E**) Epididymal control group. (**F**) CeNPs group. (**G**) FIP group showed strong positive iNOS reaction in the epididymal epithelial cytoplasm (arrow) and nearly negative reaction in the interstitial connective tissue (arrowhead). (**H**) FIP-treated with CeNPs. (**I**) Semi-quantification of iNOS in the testicular and epididymal tissues in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g006){#molecules-25-03479-f006}

![Immunohistochemical staining of rat testis by ionized calcium-binding adapter molecule 1 (IBA1). (**A**) Control group. (**B**) CeNPs group. (**C**) FIP group showed strong IBA1 in most sperms and interstitial tissue (arrows), while all spermatogenic cells revealed negative reactions (arrowhead). (**D**) FIP treated with CeNPs. (**E**) Epididymal of control group showing the negative IBA1 reaction in all epididymal tubules but localized moderately stained in the macrophages in the interstitial connective tissue (arrows). (**F**) CeNPs group. (**G**) FIP group showing dense strong positive IBA1 reaction in the many macrophages in the interstitial tissue (arrows). (**H**) FIP-treated with CeNPs showed low IBA1 macrophages in the interstitial tissue (arrowhead). (**I**) Semi-quantification of IBA1 in the testicular and epididymal tissues in different groups. Scale bar = 50 µm. Data expressed as Mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g007){#molecules-25-03479-f007}

![Immunohistochemical staining of rat testis by mouse vasa homologue (MVH). (**A**) Control group showed the strong positive MVH reaction in all spermatogenic cells (arrow) with negative reaction in the interstitial tissue (arrowhead). (**B**) CeNPs group. (**C**) FIP group revealed nearly negative MVH in all spermatogenic cells (arrow). (**D**) FIP treated with CeNPs showing strong positive MVH reaction in all spermatogenic cells (arrow). (**E**) Quantification of MVH in the testicular tissues in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g008){#molecules-25-03479-f008}

![Immunohistochemical staining of rat testes by Sox9. (**A**) control group showed the strong positive Sox9 reaction in Sertoli cells (arrows). (**B**) CeNPs group. (**C**) FIP group showing negative Sox9 in Sertoli cells. (**D**) FIP treated with CeNPs showed strong positive Sox9 reaction in Sertoli cells (arrows). (**E**) Semi-quantification of Sox9 in the testicular tissues in different groups. Scale bar = 50 µm. Data expressed as mean ± SE, analyzed using one-way ANOVA at *p* ≤ 0.05.](molecules-25-03479-g009){#molecules-25-03479-f009}
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###### 

Sequences of primers used for real time PCR investigations of caspase-3 (Casp3), androgen receptor (Ar), inhibin B protein (IBP), nitric oxide synthase 2 (NOS), B-cell lymphoma 2 (BCL-2), and interleukin-1β (IL-1β) genes.

  -----------------------------------------------------------------------------------------------------
  Gene        Gene Description                         Accession Number   Sequences (5′ \> 3′)
  ----------- ---------------------------------------- ------------------ -----------------------------
  IBP         Inhibin subunit beta B (IBP), mRNA       NM_080771.1        F: GGGTCCGCCTGTACTTCTTC\
                                                                          R: CACCTTGACCCGTACCTTCC

  Ar          Androgen receptor (Ar), mRNA             NM_012502.1        F: CAGGGACCACGTTTTACCCA\
                                                                          R:TTTCCGGAGACGACACGATG

  Caspase-3   Cysteine aspartate specific protease-3   NM_001284409.1     F: AGTTGGACCCACCTTGTGAG\
                                                                          R: AGTCTGCAGCTCCTCCACAT

  BCl-2       B-cell lymphoma-2 like protein 4         NM_007527.3        F: CACCAGCTCTGAACAGATCATGA\
                                                                          R: TCAGCCCATCTTCTTCCAGATGGT

  IL-1β       Interleukin 1 beta, mRNA                 NM_031512.2        F: CAGGATGAGGACCCAAGCAC\
                                                                          R: GTCGTCATCATCCCACGAGT

  NOS         Nitric oxide synthase 2                  NM_012611.3        F: GGAGAAAACCCCAGGTGCTATT\
                                                                          R: TCGATGGAGTCACATGCAGC
  -----------------------------------------------------------------------------------------------------
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###### 

Johnsen's scores criteria for evaluation of spermatogenesis among studied groups.

  Score   Definition and Criteria
  ------- ---------------------------------------------------------------------------------------------------------
  10      Complete spermatogenesis with many mature spermatozoa
  9       Many spermatozoa, with a disorganized germinal epithelium that showed sloughing into lumen
  8       Presence of few spermatozoa (\<5 to 10/seminiferous tubule)
  7       Absence of spermatozoa, but many spermatids are present
  6       Absence of spermatozoa, with few spermatids (\<5/seminiferous tubule)
  5       Absence of spermatozoa, and spermatid, with the presence of several spermatocytes
  4       Absence of spermatozoa, and spermatid, with the presence of few spermatocytes (\<5/seminiferous tubule)
  3       Spermatogonia are the only cell present
  2       Sertoli cells only present with absence of germ cells
  1       No cells visualized in the tubular section
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###### 

List of antibodies, sources, working dilutions, and methods for antigen retrieval.

  Antibody                                  Source                                                     Dilution   Antigen Retrieval               Heating Condition
  ----------------------------------------- ---------------------------------------------------------- ---------- ------------------------------- -------------------
  Rabbit polyclonal anti-active caspase 3   (\#9662, Cell Signaling Technology, Danvers, MA, USA)      1:300      10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Rabbit polyclonal anti-iNOS               (ab15323, Abcam, Cambridge, UK)                            1:100      10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Rabbit polyclonal anti-Iba1               (019-19741, Wako Osaka, Japan)                             1:1200     10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Rabbit polyclonal anti-MVH                (ab13840, Abcam, Cambridge, UK)                            1:200      10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Rabbit polyclonal anti-Sox9               (AB5535, Merck Millipore, Burlington, MA, USA)             1:1000     10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Goat polyclonal anti-IL1β                 (AB-401-NA, R&D Systems, Minneapolis, MN, USA)             1:200      10 mM citrate buffer (pH 6.0)   105 °C, 20 min
  Goat polyclonal anti-PCNA                 (sc-9857, Santa Cruz Biotechnology, Santa Cruz, CA, USA)   1:2000     Dako, 105 °C, 20 min            105 °C, 20 min
  Rabbit polyclonal anti-inhibin alpha      (CM 171 A, Biocare Medical, Concord, CA, USA)              1:100      10 mM citrate buffer (pH 6.0)   105 °C, 20 min
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###### 

Pancreatic lipid peroxidation and antioxidant biomarkers, and serum testosterone in control and experiment groups and coefficients of variation (CV (%); intra- and inter- assay) values of tested biochemical and hormonal parameters.

  Group           Pancreatic Tissue   Serum                                                     
  --------------- ------------------- ------------------ ------------------ ------------------- ------------------
  CTR             0.32 ± 0.03 ^c^     43.07 ± 1.03 ^b^   7.33 ± 0.28 ^b^    29.29 ± 1.02 ^ab^   7.51 + 0.27 ^a^
  FIP             0.68 ± 0.03 ^a^     79.31 ± 0.89 ^a^   4.16 ± 0.08 ^c^    15.30 ± 0.47 ^c^    2.92 + 0.15 ^c^
  CeNPs           0.36 ± 0.02 ^c^     32.32 ± 1.51 ^c^   7.57 ± 0.40 ^ab^   27.55 ± 0.59 ^b^    6.92 + 0.15 ^ab^
  FIP+CeNPs       0.44 ± 0.001 ^b^    29.34 ± 0.56 ^c^   8.12 ± 0.23 ^a^    36.05 ± 2.24 ^a^    6.44 + 0.23 ^b^
  Sig *p*-value   0.001               0.031              0.002              0.002               0.027
  Intra-Assay     3.15                3.45               2.50               5.36                6.53
  Inter-Assay     8.32                9.54               7.91               8.74                10.12

All values were expressed as mean ± SEM, *n* = 7. Values with different superscript letters within the same column are significantly different (*p* ≤ 0.05, one-way ANOVA, followed by Tukey's HSD post hoc test for comparison). CTR: control, FIP: fipronil, CeNPs: cerium nanoparticles, MDA: malondialdehyde, NO: nitric oxide, SOD: superoxide dismutase, and GPx: glutathione peroxidase.
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###### 

The levels of relative mRNA expression of apoptotic genes (Casp3 and BCL2), anti-inflammatory genes (IL-1β and NOS), Ar, and IBP in the testes of rats.

  Group           Casp3             BCL-2              IL-1β              NOS                 Ar                IBP
  --------------- ----------------- ------------------ ------------------ ------------------- ----------------- ------------------
  CTR             1.00 ± 0.25 ^b^   1.00 ± 0.25 ^b^    1.00 ± 0.25 ^a^    1.00 ± 0.25 ^b^     1.00 ± 0.25 ^a^   1.00 ± 0.25 ^b^
  FIP             1.8 ± 0.45 ^a^    0.04 ± 0.01 ^c^    1.53 ± 0.38 ^a^    1.50 ± 0.37 ^b^     0.36 ± 0.09 ^b^   0.28 ± 0.07 ^c^
  CeNPs           0.78 ± 0.19 ^c^   1.25 ± 0.31 ^ab^   0.25 ± 0.06 ^b^    3.09 ± 0.77 ^a^     1.37 ± 0.34 ^a^   1.60 ± 0.40 ^ab^
  FIP+CeNPs       0.08 ± 0.02 ^d^   1.90 ± 0.30 ^a^    0.01 ± 0.002 ^c^   0.019 ± 0.005 ^c^   1.21 ± 0.30 ^a^   1.96 ± 0.49 ^a^
  Sig *p* value   0.002             0.001              0.005              0.003               0.027             0.038

All values were expressed as mean ± SEM, *n* = 7. Values with different superscript letters within the same column are significantly different (*p* ≤ 0.05, one-way ANOVA, followed by Tukey's HSD post hoc test for comparison). CTR: control, FIP: fipronil, CeNPs: cerium nanoparticles, Casp3: caspase3, BCL2: cell lymphoma, IL-1β: interleukin 1β, NOS: nitric oxide synthase, Ar: androgen receptor, and IBP: inhibin B protein.
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###### 

Comparison of the Johnsen's score among studied rat groups.

  Groups      Johnsen's Score
  ----------- -----------------
  CTR         9.01 ± 0.54 ^b^
  FIP         2.1 ± 0.29 ^a^
  CeNPs       9.21 ± 0.73 ^b^
  FIP+CeNPs   6.96 ± 0.24 ^b^

All values were expressed as mean ± SEM, *n* = 4. Values with different superscript letters (a & b) within the same column are significantly different (*p* ≤ 0.05, one-way ANOVA, followed by Tukey's HSD post hoc test for comparison). CTR; control, FIP; fipronil, CeNPs; cerium nanoparticles.
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